Abstract
Introduction 1
Ammonia is an important chemical that is widely used in the chemical industry.
2
Reliable detection of ammonia over a wide concentration range is necessary. Humans can 3 smell ammonia at a concentration of about 55 ppm [1] , particularly when exposed to it 4 for the first time. However, repeated exposure causes inurement effects, and people 5 regularly exposed to ammonia become less sensitive to its smell. The US National 6 Institute for Occupational Safety and Health have recommended exposure limits of 35 7 ppm for general occupational exposure and 50 ppm for exposure in the industrial sector 8 [2], and these limits are close to or below the concentrations at which humans can 9 potentially smell ammonia. 10 The use of ammonia as a potential disease biomarker has recently attracted the 11 attention of researchers. Ammonia in the human body is mainly produced through the 12 metabolism of proteins, and the ammonia produced is converted into urea and excreted 13 in the urine [3] . However, ammonia is normally present at low concentrations in the blood, 14 feces, exhaled breath, and skin secretions [4] . The presence of ammonia at atypical 15 concentrations in these media has been suggested to indicate disease, particularly kidney 16 or liver disorders. Numerous investigations have recently been reported wherein the 17 potential has been assessed for using ammonia in human breath as a biomarker for 18 physical disorders such as renal insufficiency [5] , hepatic dysfunction [6] , Helicobacter 19 pylori infection [7] , and halitosis [8] . 20 Conventional methods of detecting ammonia usually use gas chromatography-mass 21 spectrometry (GC-MS) [9] because of the selectivity and sensitivity of GC-MS. However, 22 using GC-MS is expensive and time-consuming, and the operator must be well trained. 23 Thus, devices capable of detecting ammonia concentrations of 1-50 ppm in ambient air 24 3 are often required. Transducers for sensing ammonia that are frequently used include 1 resistive devices, acoustic wave devices, and field-effect transducers [10] . sensors that could specifically bind target chemical species to be fabricated [11] [12] [13] . We 6 have recently demonstrated that optical fiber LPG sensors modified with different 7 functional coatings can be used to detect ammonia [11, 12] , aromatic carboxylic acids 8 [13] , and the RI of a sample [14, 15] . The sensitivity of an LPG to the RI arises from the 9 dependence of the phase matching condition on the effective RI of the cladding modes, which is governed by equation 1 [16] ,
12
where λ(x) is the wavelength at which coupling to the linear polarized (LP0x) mode occurs,
13
ncore is the effective RI of the mode propagated in the core, nclad(x) is the effective RI of 14 the LP0x cladding mode, and  is the period of the grating. The phase matching will reach 15 a maximum and exhibit a turning point, at which the sensitivity of the resonance bands in 16 the transmission spectrum of the LPG to perturbations caused by, for example, changes 17 in the RI of a coating deposited onto the fiber reaches a maximum [17] . The phase 18 matching turning point can be determined by selecting an appropriate grating period.
19
In this study, we examined the performance of an LPG-based ammonia gas sensor 20 modified with a nano-assembled thin film consisting of alternate layers of 21 poly(diallyldimethylammonium chloride) (PDDA) and tetrakis(4-sulfophenyl)porphine
22
(TSPP). We have previously demonstrated that an evanescent wave spectroscopy-based 23 4 fiber-optic ammonia gas sensor modified with a TSPP nano-assembled film induced 1 optical changes in the transmission spectrum of the optical fiber when the sensor was 2 exposed to ammonia [18] . modified with a nano-assembled TSPP film to change. In this work, for the first time, to 10 the best of our knowledge, the changes in the RI of the TSPP LbL thin films were studied 11 in real time at the exposure to the ammonia gas. to calibrate the RI-sensitivity of the LPG as previously described [13, 14] .
8
The region of the optical fiber containing the LPG was rinsed with deionized water 
16
The deposition cell was washed with water and dried by flushing it with nitrogen after 17 each layer had been deposited, as shown in Figure 1 . The transmission spectrum (TS) of 18 the LPG was measured after each deposition step had been performed.
19
A film was also deposited on a quartz plate using a procedure that was essentially 20 identical to that used to deposit a film onto an LPG. The composition of the film was 21 confirmed using UV-vis spectroscopy (using a V-570 UV-vis spectrophotometer;
22
JASCO, Japan). Prior to deposition of the film, a quartz plate was cleaned with that was transmitted using a fiber-coupled CCD spectrometer (HR-2000; Ocean Optics).
7
The response of the LPG to ammonia was measured by exposing the LPG to ammonia was. Both resonance bands were almost symmetrical when the outermost layer was 15 PDDA but asymmetric when the outermost layer was TSPP. In a previous study, however, 16 we found almost symmetrical wavelength and transmission changes in both resonance 17 bands in the TS of a film deposited using poly(acrylic acid) as a polyanion [11, 12] . The further exposure to pure water vapor didn't lead to any modification of the absorption 9 spectra.
10
In LPG sensor, the HCl pretreatment led to more asymmetrical changes occurring in 16 When the sensor was exposed to ammonia gas at different concentrations the second 17 resonance band wavelength shifted linearly relative to the ammonia concentration at 18 concentrations of less than 50 ppm (inset in Figure S4a ).As can be seen in Figure 6 , the 
Response to ammonia gas

Refractive index determination 3
In order to calibrate the LPG sensor to the RI change, the bare LPG sensor it was 4 exposed to the sucrose solutions of different concentrations [14] . The same RI sensitivity when the most sensitive sensor was exposed to 100 ppm ammonia was estimated to be 
Ammonia gas sensing mechanism
19
The mechanism through which the LPG sensor modified with a PDDA/TSPP film 20 sensed ammonia is shown in Figure 8 . Initially, the TSPP molecules will be adsorbed of the film. The TSPP will become protonated again when the PDDA/TSPP film is 1 exposed to HCl vapor, and the J-aggregates will reform within the film, increasing the RI.
2
As is clear from the UV-vis spectra shown in Figure 8 , the TSPP can be converted will cause NH4Cl to be produced as a by-product; however, the NH4Cl can easily be 6 removed by washing the film with water whenever necessary. Usually, the monomeric 
Conclusions
19
The use of a novel LPG fiber sensor modified with a film of alternating PDDA and
20
TSPP layers to sensitively detect ammonia gas was demonstrated. The sensor was highly 21 selective toward ammonia gas, and the sensing mechanism depends on the TSPP in the about this approach is that the optimal film thickness (i.e., giving the best sensitivity) can 4 be precisely controlled because the film is produced using the layer-by-layer method. A 5 high RI (1.4643) was achieved using a PDDA/TSPP film produced using 15 deposition 6 cycles, and the RI decreased dramatically (to 1.3585) when this film was exposed to 7 ammonia. This sensor system could be used as a new biosniffer for the sensitive and since the sensor response is almost not affected by humidity. LGP sensor coated with a PDDA/TSPP film produced using 15 deposition cycles was exposed to ammonia gas, where 0 ppm means pure water vapor (containing no ammonia). 
